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Abstract 
We studied friction coefficients and mechanisms of MoS2 nanoparticles from molecular dynamics simulations. A covalent 
bond force field of molybdenum and sulfur were implemented in LAMMPS and tri-layered capsular structured MoS2 
nanoparticles subjected to different amplitudes of normal stress were performed. We found average friction coefficient 
predicted by molecular dynamics simulations is about 0.05, agreed well with experimental measurements. In addition, when 
the underlying mechanisms switched from sliding to rolling, significant reduction of friction coefficients was observed. 
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Nomenclature 
FN Normal force 
FT Friction (tangential) force 
Greek symbols 
P Coefficient of friction 
1. Introduction 
Nanoparticles can be used as solid lubricant to enhance the workability and efficiency of machines in motion. 
The inorganic fullerene-like (IF) compounds such as MoS2 or WS2 nanoparticles, which have a good anti-wear 
effect, have attracted great interests recently. Three atomic-level friction mechanisms have been reported for 
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MoS2 or WS2 nanoparticle-based lubricant system [1]; they are sliding [2], rolling [3] and exfoliation [4]. The 
sliding mechanism is an apparent tribology behavior which is often observed from experiments [5]. The rolling 
mechanism is an inherent mechanism due to the shape nature of nanoparticles [6-9]. The exfoliation 
mechanism, a typical feature of IF compounds, can reduce friction by transferring the exfoliated layer to 
substrate and form a so-called tribofilm [1].  
In this study, molecular dynamics (MD) simulation of a MoS2 nanoparticle was used to quantitatively 
investigate the rolling and sliding effects on a MoS2 nanoparticle. In the following, detailed method to perform 
molecular dynamics simulations was described. Tribological behaviors from the calculated results were studied. 
The coefficients of friction (Ɋ) were evaluated. The influence of the sliding and rolling mechanisms on Ɋ was 
analyzed. 
2. Method 
Molecular dynamics simulations for tribological behaviors of individual MoS2 nanoparticles were performed 
via LAMMPS [10]. In order to investigate the responses of Ɋ under different normal pressures, the model 
composed of a top plate for applying shear rate, a sulfur substrate and a MoS2 nanoparticle in between. Both the 
top plate and the substrate were composed of BCC sulfur (001) layer and BCC molybdenum (001) layer. The 
thicknesses of the sulfur layer and the molybdenum layer were 0.45 nm and 0.25 nm, respectively, as illustrated 
in Fig. 1(a). A three tri-layered capsular MoS2 nanoparticle with 10.5 nm length and 4.4 nm in diameter was 
modeled.  
The system was controlled under a hybrid of a microcanonical NVE and canonical NVT ensembles. MD 
simulation was performed with a 2 femtosecond time step. The system temperature was controlled by velocity 
scaling to remain 300K during simulation. The Langevin thermostat [11] was applied on both the top plate and 
the substrate to dissipate redundant energy from the system in the NVE ensemble.  
(a)  (b)  
Fig. 1. (a) An illustration of system setup and (b) visualization of system arrangement, which consists of a nanoparticle, a substrate and a 
top plate. Yellow and purple atoms are sulfur and molybdenum, respectively. 
The MoS2 nanoparticle was subjected to different magnitudes of normal force. Friction force was computed 
directly from the nanoparticle as illustrated schematically in Fig. 1(b). The normal strains applied on the 
nanoparticle were controlled by 5%, 10% and 20%, respectively. The friction simulations were performed by 
sliding the top plate laterally with a sliding rate of 10 m/s. The force field reported in [12, 13] that described the 
covalent bond potential of Mo-S system coupled with Lennard-Jones (LJ) potential for long range van der 
Waals interaction was implemented in LAMMPS and used in this study. 
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3. Results and Discussion  
The coefficients of friction (Ɋ) were depicted in Fig. 2. The values were evaluated directly from the 
ensemble average of the ratio between the normal force and the shear force acting on the MoS2 nanoparticle. 
The average normal force for the cases of 5%, 10% and 20% applied normal strain were 27.597 ± 4.890 nN, 
53.921 ± 5.405 nN and 130.220 ± 8.729 nN, respectively. The average shear force for the cases of 5%, 10% and 
20% applied normal strain were 1.831 ± 0.847 nN, 2.987 ± 1.498 nN and 9.630 ± 1.784 nN, respectively. The 
average Ɋ equal to 0.0785 was obtained by least square fitting of the mean values. Recently, Jelenc et al. [14] 
conducted an experimental study using atomic force microscope (AFM) on a MoS2 nanoparticle and reported Ɋ 
was around 0.077. The predicted Ɋ agreed very well with the experimental measurements. 
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Fig. 2. Coefficients of friction (Ɋ) evaluated directly from the ensemble average of the ratio between the normal force and the shear force 
acting on the MoS2 nanoparticle. 
We further investigated the influence of the sliding and rolling mechanisms on Ɋ for the case of 5% strain 
control. Fig. 3 shows the calculated coefficients of friction (Ɋ) through the sliding displacement of the top plate 
Fig. 4 shows a sequence of snapshots at (a) 1 nm, (b) 2 nm, (c) 3 nm and (d) 4 nm sliding displacements Rolling 
process could be visualized from red dot and green dot which denoted on the nanoparticle. Transition from the 
sliding to rolling process would lead to significant reduction of Ɋ. 
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Fig. 3. Calculated coefficients of friction (Ɋ) for the case of 5% strain control. 
 
Fig. 4. Illustration of friction simulations for the case of 5% strain control. Rolling process can be visualized from red dot and green dot 
which denoted on the nanoparticle. The sub-figures represented the sliding displacement of the top plate at (a) 1 nm, (b) 2 nm, (c) 3 nm and 
(d) 4 nm, respectively. 
4. Conclusions 
The tribological behaviors of MoS2 nanoparticles were analyzed using molecular dynamics simulations. The 
coefficients of friction (Ɋ) were evaluated directly from the ensemble average of the ratio between the normal 
force and the shear force acting on the MoS2 nanoparticle. The predicted Ɋ agreed very well with recent AFM 
measurements. Further analysis of nanoparticle motion at different sliding displacements revealed transition 
from the sliding to rolling process. A significant reduction of Ɋ was found when the mechanism switched from 
typical sliding mechanism to nanoparticle-inherent rolling mechanism. 
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